[1] This paper uses a simple configuration to implement microwave transversal filters based on microstrip technology. The structure is of second order and implements two transmission zeros and two reflection zeros in the frequency response of the filter. The basic configuration consists of input and output ports coupled in a shunt configuration to two printed resonators of different lengths. A modification of the original structure is introduced to allow an additional direct coupling between the source and the load. Depending on the value and the sign of the coupling terms, different frequency responses can be obtained. In this way, small modifications in the basic structure allow to obtain band-pass or band-stop responses. Following this circuit topology, the paper discusses the possibilities to have transmission zeros in the real or in the complex plane and their effects on the frequency response and on the group delay of the filter. Also, two practical implementations in microstrip technology are proposed, and a third filter implementing group delay equalization is demonstrated. Measured results confirm theoretical predictions and validate the structures for practical applications. 
Introduction
[2] This paper is focused on the implementation of novel filtering microwave structures in planar technology. Because of the need of efficiently use the electromagnetic spectrum in modern communication systems, it is required the development of frequency selective components, exhibiting sharp cut-off slopes [see Williams, 1970] . This need of rejecting certain unwanted frequencies, leads to the development of microwave filters whose insertion loss response exhibits transmission zeros at finite frequencies [see Kurzok, 1966] . These filters, showing pseudo-elliptic responses, normally introduce very large group delay variations, therefore not being suitable in many digital transmissions systems. To solve this problem, several techniques for group delay reduction based on external equalization [Lee et al., 2003] , have been proposed in the past. Also, design techniques for phase equalization can directly be applied, as in the study of Cameron and Rhodes [1981] .
[3] The method traditionally used for the implementation of transmission zeros at precise frequencies is the introduction of cross-couplings between nonadjacent resonators. An example composed of square open-loop resonators is presented by Hong and Lancaster [2000] . More recently, novel schemes for microwave filters were proposed by Rosenberg and Amari [2003] . In this case, different coupling topologies for microwave filters based on the transversal concept were investigated. The main difference with respect to traditional structures, is that in transversal filters the input signal is coupled at the same time to several resonators. In the original work, several structures of different orders were investigated. The study also included cross couplings between nonadjacent resonators, and couplings between the input port and internal resonators. An extension to in-line filters was presented by Amari and Rosenberg [2004a] , where they introduced the concept of internal nonresonating nodes.
[4] In the last years, several practical examples of transversal filters implemented in different technologies have been presented. For instance, two simple structures were designed, fabricated and measured by Rebenaque et al. [2004] . Other interesting examples using planar or waveguide technology can be found by Moktaari et al. [2006] .
[5] In this paper we will further explore transversal filters in microstrip technology, by implementing the topology known as Modified Doublet (MD) (shown in Figure 1 ). In this figure, solid line represents coupling between input/output ports and resonators, while dashed line represents coupling between the ports (M SL ). The coupling scheme is similar to the one introduced by Rosenberg and Amari [2003] , but now a direct coupling between input and output ports is introduced, as shown by Amari and Rosenberg [2003] . The advantage of the structure proposed, is that the additional direct coupling introduces a new transmission zero in the insertion loss response of the filter. Therefore two transmission zeros can be obtained for maximum selectivity above and below the passband.
[6] First, it is presented a compact microstrip configuration that implements the coupling scheme shown in Figure 1 . The resonators used in the practical implementation are the same as those introduced by Rebenaque et al. [2004] . They consist of an open-loop resonator and of a short-circuited T-shaped stub. We show that by changing the coupling signs appropriately, the positions of the transmission zeros can be conveniently controlled. In addition, we present a discussion on the influence of the position of these transmission zeros, both in the frequency response and in the phase equalization of transversal filters. Finally, a dual frequency response of the above filter can be obtained, just by changing the direct coupling sign (M SL ) between the ports. Following this idea, we present a novel structure that implements a band-stop response, using the same basic topology and coupling scheme as before (Figure 1 ). The resonator topologies employed in this second structure are the same open-loop and T-shaped stub used before. Only the original capacitive coupling between the ports is changed in sign, and it is transformed into an inductive type coupling. It is shown in this paper that the change in sign of this direct coupling (M SL ) transforms the bandpass frequency response into a dual stop-band frequency response.
[7] In addition to the novel implementation of bandstop filters using a transversal topology, an important novel aspect of the work is the practical demonstration of complex transmission zeros using these microstrip structures. Also, this is the first time that an explanation of these microstrip structures, following the transversal filter concept [Cameron, 2003] is presented, together with supporting coupling matrices. Finally, a rigorous study on the direct coupling term M SL , that can be achieved by bending together the input/output ports, is for the first time presented. The introduction of this direct coupling element will allow the implementation of a 
RS4021
CAÑ ETE REBENAQUE ET AL.: TRANSVERSAL FILTERS IN PLANAR TECHNOLOGY maximum number of transmission zeros for increased selectivity.
[8] In addition to the theoretical discussion, several filter prototypes implementing different frequency responses are manufactured and tested. Measured results are found to be in good agreement with respect to predictions, therefore validating the new filtering structures.
Theory
[9] It can be seen that the coupling scheme shown in Figure 1 corresponds to a transversal filter. In particular, there are no direct couplings between resonators, and each input/output port is directly coupled to both resonators. With respect to the coupling schemes originally proposed by Rosenberg and Amari [2003] , Figure 1 introduces an additional direct coupling (M SL ) between the ports shown with dashed line . General synthesis techniques for these filters were presented by Cameron [2003] and Amari and Rosenberg [2003] .
[10] If the direct coupling between ports is not introduced, then only one transmission zero can be placed at finite frequencies. The transmission zero can easily be shifted from one side of the passband to the other side, by changing the signs of the coupling matrix entries, as shown in Figure 2 . This was recognized by Rosenberg and Amari [2003] as the zero shifting property of these transversal structures. Physically, the presence of this transmission zero can be explained as a phase cancellation that occurs between the signals in both resonators. The input signal is split into two paths (see Figure 1 ). The signals in the two paths suffer different phase changes, because of the different electrical lengths of the resonators. When the phase difference equals 180°, a destructive interference occurs, thus producing the transmission zero. This 180°phase shift difference is also related to the negative sign in one of the four couplings shown in solid line in Figure 1 . This negative coupling can also be seen in the coupling matrices included in Figure 2 .
[11] The alternative coupling scheme introduced in Figure 1 , also benefits from all these properties. In addition, the introduction of a new coupling between the ports produces a second transmission zero. The most typical response for this topology will be the synthesis of pseudo-elliptic filters. This second transmission zero can be used to obtain high selectivity at both sides of the passband. To do this, the resonator that changes sign from input to output must be tuned below the center frequency of the filter. Alternatively, both zeros can be shifted to the same side of the passband. To do this, the resonator that changes sign must be tuned above the center frequency of the filter. In this last case, the proper adjustment of the couplings can place the transmission zeros in the complex plane. All these different responses can be seen in Figure 3 . Filter 3 in the legend has two transmission zeros in the real axis, while Filter 1 and Filter 2 have a pair of complex transmission zeros. The figures also include Filter 4, whose transmission zeros are located at infinity (Chebyschev response).
[12] We can observe from the results obtained in Figure 3a that the reflection parameter is almost the same in all cases. As expected, it can be seen that greater selectivity in the transmission response has the drawback of a larger variation in the group delay. We also see that it is possible to achieve phase equalization by placing the transmission zeros in the complex plane. In particular, the maximum variation of the group delay inside the passband for the filters shown in Figure 3b are compared in Table 1 .
[13] It can be seen that the filter with less variation in the group delay corresponds to Filter 2, with transmission zeros in the complex plane centered in the passband. Next, the module of the transmission parameter and the value of the group delay are compared depending on the real part of the complex transmission zeros. It can be seen in Figure 4 the trade off between selectivity and phase equalization. The maximum variation of the group delay within the passband is collected in Table 2 , where Filter B corresponds to Filter 2 in Figure 3 . The coupling matrices for all three filters are also included in Figure 4 for reference.
3. Implementation [14] In this section we present several compact implementations of the coupling topology shown in Figure 1 , in microstrip technology. For the resonators we have chosen either open-loop resonators of lengths (l/2) and (l), or a short-circuited stub of length (l/4). The differences in resonant frequency between the two resonators with respect to the center frequency of the filter, lead to the non zero entries in the coupling matrix diagonal.
[15] The coupling between the input/output ports and the resonators (solid line in Figure 1 ) is accomplished by coupled lines in a shunt configuration, as it can be seen in Figure 5a . Besides, an additional direct coupling between the ports is needed (dashed line represented in Figure 1 ). The implementation of this last coupling in microstrip technology can be accomplished by extending and bending the input and output lines, as it can be seen in Figure 5a . Figure 5b shows a typical frequency 
For this structure, the direct coupling controls the proximity of the transmission zeros to the passband. When this direct coupling is increased, both transmission zeros approach the passband of the filter. To produce the transmission zeros at both sides of the passband, the open-loop resonator has to be tuned above the shortcircuited resonator. In this way, the transmission zeros are combined for increased selectivity at both sides of the passband. If on the contrary we tune the open-loop resonator below the short-circuited resonator, then both zeros will shift to one side of the passband, as can be seen in Figure 6 . For this last structure we have selected l 2 = 4.9 mm, while the other dimensions are the same as in Figure 5a .
[16] The direct capacitive coupling introduced by the bent stub depends on two parameters, namely the gap (d g ) and the coupling length (l c ) (see Figure 5a) . To see how this element can synthesize a given coupling, the direct M SL coupling is presented in Figure 7 as a function of the length (l c ), for different values of the gap (d g ). The maximum allowed stub length for the design in Figure 5a , is l c = 5.9 mm. This maximum value is due to the physical space existing between the two resonators. It can be seen in Figure 5a , that the empty space left by the open-loop resonator is used to place the coupling bent stub. This results in a very compact structure. For issues concerning the practical realization of the filter, the minimum gap is set to d g = 0.1 mm. With these limits, the maximum direct coupling that can be obtained with this configuration is of about: M SL = 0.34.
[17] An alternative structure that implements the same coupling scheme shown in Figure 1 is presented in Figure 8a . In this case, the through line from input to output implements a direct coupling of inductive type between the input/output ports. The response of this structure is presented in Figure 8b , showing a band-stop response with two reflection zeros.
[18] The results shown in Figure 8 correspond to a stopband filter with a sharp transition at both sides of the stopband. The method for the synthesis of stop-band transfer functions was derived by Amari and Rosenberg 
This structure presents a dual frequency behavior as compared to the previous one. The direct coupling here controls the proximity of the reflection zeros to the stopband. This direct coupling can be modified by varying the width of the line joining both ports. For instance, the direct coupling (M SL ) can be increased by widening the central connecting area as shown in the inset of Figure 9 . By doing this, the reflection zeros approach the stop-band, as also shown in the results presented in the same Figure 9 . The coupling matrices of the different responses are also presented in Figure 9 for reference. We can observe that the direct coupling [19] Finally, the last practical implementation presented in this paper corresponds to a band-pass filter with transmission zeros in the complex plane. This time we have used two open-loop resonators to implement the filter. To synthesize the sign change required in one of the elements of the coupling matrix, the first line is tuned at the (l/2) resonance, while the second line is tuned around the (l) resonance. Moreover, to place both zeros on only one side of the passband, the shorter resonator has to be tuned above the longer resonator. The direct coupling between the ports follows the same principle described before. A possible layout for this structure can be seen in Figure 10 .
[20] The coupling matrix of the ''Filter 1'' shown in the legend of Figure 11 can be easily obtained as: 
Moreover, the different responses presented in Figure 11 have been obtained by varying the value of the coupling matrix corresponding to the input/output coupling M SL . We can observe that by changing this coupling, the transmission zeros can be moved from the real axis obtained with the lengths given in Table 3 . This table also shows the variation of the group delay inside the passband, demonstrating the equalization effect of complex transmission zeros. The value of the direct coupling M SL is also shown for reference.
Results
[21] The filters shown in Figure 5a , Figure 8a and ''Filter 1'' of Figure 11 have been manufactured and tested. The substrate selected for manufacturing is an RTDuroid/6006, with relative permittivity e r = 6.15, and thickness 1.27 mm. Figure 12 and Figure 13 manufactured with an LPKF Protomat drilling machine, and measurements are taken with an HP-8714-ES vector network analyzer. It can be observed good agreement between measured results and predictions. Only there are some differences in the return loss performance shown in Figure 12a . This is because of the high sensitivity of the return losses in this type of filters, to the lengths of the resonators. We have observed that a variation in the length of the longer resonator, in only 0.1 mm, produces a large variation in the return losses from À18 dB to À10 dB.
[22] The first filter shows a 3.7% relative bandwidth, and 1.5 dB of insertion losses inside the passband. The band-stop filter shows a 1.9% relative bandwidth, and 1.5 dB of reflection losses inside the stop-band. The insertion losses far from the stop-band amounts only 0.15 dB. The third filter presents higher insertion looses, because of the small bandwidth of the filter (less than 1%). We can clearly observe in the results the presence 
Conclusions
[23] This paper has proposed novel structures to implement microwave filters. The topology implemented is based on a transversal filter, where direct coupling between the ports is introduced. This coupling produces a new transmission zero, which can be used to synthesize quasi-elliptic responses for maximum selectivity on both sides of the passband. Other responses are easily obtained, such as band-stop filters or filters with group delay equalization. On the basis of the new coupling schemes, three compact implementations of microwave filters are proposed in microstrip technology. In the first structure, the coupling between the ports is of capacitive type, and it is introduced with the help of a bent stub. The coupling capabilities of this element allow to place the transmission zeros close to the passband. The second structure changes the capacitive coupling to an inductive one, and synthesizes a band-stop filter with two reflection zeros. The last structure shifts the location of the transmission zeros to one side of the passband, implementing two transmission zeros in the complex plane for phase equalization. Measured results are in good agreement with respect to predictions, and validate the structures for practical applications.
